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ABSTRACT

Near infared spectroscopy (NIRS) is a non-invasive method to
measure the brain activity as the changes of hemoglobin oxy-
genation through the intact skull. In this paper, we statistically
analyze the NIRS data based on general linear model (GLM)
and propose a new theory for making inference using Sun’s
tube formula. More specifically, we calculate the p-values as
the excursion probability of an inhomogeneous Gaussian ran-
dom field on a two dimensional representation manifold that
are dependent on the structure of error covariance matrix and
the interpolating kernels. These powerful tools for excursion
probability allows us the super-resolution localization of the
brain activation which is not possible using the conventional
NIRS analysis.

Index Terms— near infrared spectroscopy, general linear
model, statistical parametric mapping, excursion probability,
inhomogeneous Gaussian random field, tube formula

1. INTRODUCTION

Near infrared spectroscopy (NIRS) is a non-invasive method
to measure the brain activity by measuring the absorption
changes of the near infrared light between 650 and 950 nm
through the intact skull [1]. Specifically, the absorption
spectra of oxy-hemoglobin (HbO32) and deoxy-hemoglobin
(HbR) are distict in this region, so it is possible to determine
the concentration changes of oxy- and deoxy-hemoglobin
from diffusely scattered light measurement.

NIRS has many advantages over other neuroimaging
modalities such as positron emission tomography (PET),
functional magnetic resonance imaging (fMRI) or magne-
toencephalography (MEG). One of the main advantages is the
ability to measure a wide range of functional contrast such as
oxy-hemoglobin, deoxy-hemoglobin, and total hemoglobin.
Furthermore, high temporal resolution of NIRS allows us to
study temporal behaviors of the hemodynamic response to
neural activation and the origin of blood oxygenation level
dependent signal (BOLD).
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Recently, in NIRS domain, there have been many re-
searches in statistical analysis of NIRS based on the general
linear model (GLM) [2, 3]. GLM is a statistical linear model
that explains data as a linear combination of an explanatory
variable plus an error term. Because GLM measures the tem-
poral variational pattern of signals rather than their absolute
magnitude, GLM is robust to many cases even with a severe
optical signal attenuation due to scattering or poor contact.
Conventionally, Gaussian random field theory has been used
for making the classical inference. The basic assumption
for Gaussian random filed model is that the residuals after
the GLM fitting are dense samples on lattice representations
from an underlying continuous Gaussian random field due
to the Gaussian kernel smoothing [4]. However, because the
distance between each channel of NIRS is relatively far and
the number of measurements is small, it is not reasonable
to use Gaussian random field theory in making inference of
NIRS data.

The main contribution of this paper is to propose a new
theory of statistical inference which is appropriate to NIRS.
Instead of calculating the excursion probability of the ho-
mogeneous Gaussian random filed, NIRS calculates the ex-
cursion probability of inhomogeneous Gaussian random field
obtained by interpolating samples on sparsely and irregularity
distributed optode locations. Even though excursion probabil-
ity for inhomogeneous random filed is extremely difficult to
calculate in general, the excursion probability for strikingly
similar inhomogeneous random field model has been stud-
ied for the so-called global confidence region analysis of 3-
D parametric shape estimation problem [5] using Sun’s tube
formula [6]. For example, the p-value for the one side t-test
for oxy- or deoxy-hemoglobin concentration can be converted
into the excursion probability of Gaussian random field on a
two dimensional representation manifold that are dependent
on the structure of covariance matrix and the interpolating
kernels. These powerful tools for excursion probability al-
lows the super-resolution localization of the brain activation
which is not possible using the conventional methods.
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2. MEASUREMENT MODEL FOR NIRS

The modified Beer-Lambert law (MBLL) which describes an
optical attenuation in a highly scattering medium like biolog-
ical tissue allows the transformation from raw optical den-
sity (OD) data to changes of chromophore concentrations.
According to the MBLL, the change in OD(\,r,t) at the
wavelength A from the cerebral cortex position r at time ¢
due to the N, number of chromophore concentration changes
{Ac (r, )}, is described as

Ir\ & .
AOD(\,r,t) = —In <1> = Zai(/\)Ac(” (r, £)d(r)I(r),
- 0

where Ir denote the final measured optical intensity, I, de-
notes the initial measured optical intensity, a; () is the extinc-
tion coefficient of the i-th chromophore at the wavelength A,
d(r) is the differential pathlength factor (DPF) at the position
r, respectively. Assuming that oxy- and deoxy- hemoglobin
are the major two choromophores, the noisy measured optical
density changes are then described as follow:

{ 20D } = d(r) - 1(r)- i }
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where Acgpo, (r,t), Acapr(r,t) denote the time-series of
the chromophore changes for the oxy- and deoxy- hemoglobin;
and w(r, t; A1), w(r, t; A2) are the additive noise at the wave-

length \; and A2, respectively. Then, by multiplying the

inverse matrix of the extinction coefficients with Eqn. (2), we

have the noisy measurement of oxy- and deoxy- hemoglobin

concentration changes:
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where egpo,(r,t) and egpr(r,t) are additive zero mean
Gaussian noise for oxy- and deoxy- channel. In practice, it
is impossible to measure the exact value of d(r) and I(r).
This is because that the NIRS data acquisition is considerably
affected by variety of measurement conditions such as the
color of hair and the scalp depth, which make the position-
and subject- dependent scattering effect. Non-uniform con-
tact between optodes and a scalp might be another source of
the variation of sensitivities of detectors. There are other ex-
perimental issues such as the subject’s movement during the
experiment. For these reasons, analyzing NIRS data with the
absolute value of chromophore concentration is problematic.
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3. GENERAL LINEAR MODEL FOR NIRS

In this section, we will show that GLM approach enables an
accurate analysis for NIRS. Even though we mainly focus
on the GLM for the oxy- hemoglobin concentration, exactly
same approach can be applied for deoxy- hemoglobin con-
centration. _

Let y%)bOZ € RY and E(I—?boz € RY denote the time series
of the oxy- hemoglobin signal and noise at the i-th channel at
the location r; given by:

y%)bOQ
G(I?boz

YHb0, (T3, tN) ]T (4)
€HbO, (T3, TN) ]T (5)

[ yrv0, (rist1)

| €mvo, (1i,t1)
Then, corresponding GLM model is given by

yg)bOz = XHbO?’@g)bOz + 65‘?[)07 (6)
where X g0, € RV*M denotes the design matrices for oxy-
hemoglobin, and ﬁgfl)bOQ € RM>1 i5 the corresponding re-
sponse signal strength at the ¢-th channel, respectively. By
stacking the measurements from all K channels, we have

yio, = (% @ Xmos,) Bmo, + €m0, (1)

where IE*K denotes the K x K identity matrix, ® is the
Kronecker product, and

5(1) (1)

HbO, €HbO,
(2) 2
HbO4 HbO, KMx1
Brvo, = ) , €EHLO, = . €R (8)
3 ()
HbO, HbO,

Using the property of the Kronecker product, the least square
estimation of B, is given by

Brvo, = (IKXK ® X}{boz) YHb0, 5 )

-1
where XLbOz (X%}bOQ X HbOg) X%}bOQ denotes the
pseudo-inverse of X pp0,. Under the null hypothesis, the
mean value of the response signal strength is zero. Hence, the
corresponding estimation error covariance matrix is given by

=F {BHbOg ngoz}

= (IKXK ®XLb02) CeHbOQ (IKXK ®XTHZ;OQ)10)

Brbo,

where Ce,,,, denotes the error covariance matrix.

The main difficulty in analyzing NIRS is that there ex-
ists only small number of optode and the distance between
the optode is relative large; hence, direct application of Gaus-
sian random field model for interference is not appropriate for



NIRS. In order to study the correlation with fMRI, it is prefer-
able that the NIRS data should be interpolated to the same res-
olution as fMRI. Specifically, the interpolated response signal
strength at r € U is given as follows:

Zﬂm

= (b(r) @IMMY 3,0 e RM (11)
where b(r) denotes the interpolating kernel given by
b(r) = [ba(r) ba(r) bic(r)]"

Usually, the response of the signal of interest is calculated by
inner product with a contrast vector:

deO2 (7")

e REX1 (12)

Xm0, (7) c o (r)
= <" (b(n)" @I"M) By,
= B(T)TBHI)OQ' 13)
The corresponding error variance is
Cx, 1m0, (1) = B(r)" Cp 11,0, B(r) (14)

Now, under the null hypothesis the response signal X g0, ()
is distributed as zero mean Gaussian distribution:

Xb0, (1) ~ N (0,Cx, 110, (7)) - (15)
Hence, the corresponding t- statistics is given by
B(r)Tp3
Tivo, (1) = (1" Brvo, _ (16)
\/B Ch 110, B(1)

4. INFERENCE USING GLOBAL CONFIDENCE
REGION ANALYSIS

Assuming that the interpolating kernel can fully describe the
baseline signal between the optode locations, our goal is to
calculate the p-value where the null hypothesis can be aban-
doned. This can be calculated as the excursion probability of
the random field interpolated from the sparse measurement.
Similar excursion probability has been extensively studied
for the so-called global confidence region analysis for 3-D
parametric shape estimation problem [5]. They showed that
the resultant random field is inhomogeneous and its excur-
sion statistics can be calculated using Sun’s tube formula
[6]. Hence, we follow the approach in [5] and calculate the
p-values.

The p-value of the t- statistics to adandon null hypothesis
is given by

p = P{Irneaq)l(THboz, (r) > z}

1
= §P {I?Ea\l)/{ ‘THbOg (T)|2 > 22}

= %P{maXZ PHbO2()Z222}. (17)

rew
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where Z ~ N (O, TKM*EM) denotes the zero-mean inde-
pendent Gaussian random vector and

cl/?

P 0, (r)= B.HbOS

B(r)Cx,mbo, (r) BT (r)CY3, (18)

Using Eqs. (13) and (14), we have

Puvo,(r) = umo,(r)umo, (1), (19)

where the unit vector ugp0, is given by

1/2
CB HbOzB(r)

\/ (T) C,@}Hbo2 ()

Ye et al [5] derived the two approximation for the proba-
bility in Eq. (17). First, the incomplete gamma bound comes
as following:

Ugp0, = (20)

%

revw
- lF(K2M i )(21)

For small number of channel (i.e. K is smaller), then incom-
plete gamma bound is quite tight [5]. However, for large num-
ber of channels, we may need more accurate approximation.
This can be calculated using Sun’s tube formula [6]. Now, let
us define an inhomogeneous Gaussian random field

P{ma\l)fZTPHbo(T)Z > 22} P {maxZTZ > 22}
re

XHbOg (’I“) = UHbLO, (’I“)HZ. (22)

Now, a more compact representation for X (r) is in terms of
the two-dimensional representation manifold [5]:

U2 {umo,(r),r € ¥} cREM, (23)

While the functional representation u(-) of a manifold is

nonunique, there are several quantities that are intrinsically

related . One of them is the 2 X 2 metric tensor matrix:
R(r) £ EV Xm0, (r)V! Xmpo, (r)]. (24)

Then, finally we derive the following approximation:

P {mea\i( Z"P 0, (r)Z > 22} ~ roto(z), (25)

where

. A [ det (R(r))|dr (26)

r(3) 3 22
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The formula for p-value for the case of HbR can be derived in
a same manner. We now summarize the results in the follow-

ing:

and

Yo(2) =



Theorem 4.1 The p-value for the one side t- test for HbOo /HbR

is lower bounded by

2
p > %(hr(%%)) 28)

Furthermore, the tube formula approximation of the p-value

is given by
rol” (3) 3 2
1-T'| =, — 29
4m3/2 272 29

where k is given by Eq. (26).

5. EXPERIMENTAL RESULTS

To evaluate the practical usefulness of proposed methods, we
applied our new statistical analysis framework to right fin-
ger tapping experiment data. The primary motor cortex is
the target region of right finger tapping task. Experimental
data were simultaneously acquired using a NIRS and fMRI
system. Specifically, a NIRS system has 8§ laser diodes and 4
detectors (Oxymon MK III, Artinis, Netherlands). In this sys-
tem, two continuous wave light (78 1nm, 856nm) were emit-
ted at each source fiber. The distance between source and de-
tector was 3.5cm. MR images covering the whole brain were
acquired with the echo planar imaging (EPI) sequence using
a 3.0T MRI system (ISOL, Korea). In right finger tapping ex-
periment, the subject were instructed to perform a finger flex-
ion and extension repeatedly during task period. Figures 1
show the GLM results from right finger tapping task. The
activation map using fOSA [3] with Gaussian random field
model is shown in Fig. 1(a). Note that fOSA cannot ana-
lyze the interpolated random field, so the estimated activated
area is very rough. Our t-maps of AHbOs over the thresh-
old obtained using incomplete gamma bound and Sun’s tube
formula are shown in Figs. 1(b) and (c), respectively. Note
that our activation pattern of AHbOs is fairly consistent with
that of BOLD signal, as shown in Figs. 1(d). The incomplete
gamma bound gives very optimistic estimate of the activated
area, whereas the tube formula tells us that the more areas are
activated by the finger tapping. Both of the results exhibits
excellent correlation with the fMRI result. Furthermore, com-
pared to fOSA results in Fig. 1(a), our method allows super-
resolution localization.

6. CONCLUSION

We proposed a new theory of statistical inference which is op-
timal for NIRS. Instead of calculating the excursion probabil-
ity of the homogeneous Gaussian random field by smoothing
samples on dense lattice, we calculated the p-value as the ex-
cursion probability which comes from the random field that
are interpolated from the sparse measurement. Experimen-
tal results from the right finger tapping task showed that the
proposed method can localize the activation of primary motor
cortex very accurately.
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(d)

Fig. 1. Activation area using (a) fOSA [3], and (b) incomplete
Gamma bound, (c) tube formula, and (d) fMRI. p-value: 0.01.
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